Introduction
Exposure to different nanomaterials (NMs) has increased in recent years due to their presence in a large number of commercial products. The workplaces where these products are manufactured represent another potential source of accidental exposure to NMs. Metal oxide nanoparticles (moNps) are among the most widely used NMs, with several applications in industries such as cosmetics and paints. Due to the special physicochemical properties of the moNps, some of them have been proposed as biomedical agents, either alone or in combination with other materials. Examples include magnetic Nps for imaging applications and for hyperthermia, 1 Al 2 O 3 Nps as a coating agent for magnetic Nps, 2 and ZnO Nps as antibacterial or antitumoral agents. 3 Moreover, the antioxidant properties of CeO 2 Nps are being explored for the treatment of diseases related to increased oxidative stress, such as Alzheimer and Parkinson. [4] [5] [6] Likewise, the use of silver particles in nanoporous TiO 2 and Al 2 O 3 implants is another good example of the potential application of moNps in biomedicine. 7 However, the cellular and molecular effects of many moNps have not been fully characterized, although some effects on cell death, genotoxicity, and the production of reactive oxygen species by them have been described. [8] [9] [10] [11] There has been a steady increase in the number of studies concerning gene expression and proteomic analysis, [12] [13] [14] [15] but more investigations are urgently needed, especially those involving a comparison of the effects induced by different Nps on immune cells and aimed at understanding the cellular pathways that are activated by these NMs.
When exposed to a stimulus, the immune cells may activate a variety of signaling pathways that induce different responses, such as proliferation, differentiation, correspondence: rosana simón-Vázquez; africa gonzález-Fernández Immunology laboratory, Biomedical research center (cINBIO) and Institute of Biomedical research of OurensePontevedra-Vigo (IBI), University of Vigo, campus lagoas Marcosende, Vigo, Pontevedra, 36310, spain Tel +34 986 812 625 Fax +34 986 812 556 email rosana.simon@uvigo.es; africa@uvigo.es migration, and inflammatory and immune responses. Mitogen-activated protein kinases (MAPKs) are a family of proteins that control many physiological processes in multicellular organisms 16 and there are three particularly relevant subfamilies: extracellular signal-regulated kinases (ERKs), the p38 kinases, and the c-Jun amino-terminal kinases (JNKs), also called stress-activated protein kinases (SAPKs). While ERKs are mainly involved in the control of cell division, p38 kinases are MAPKs that are activated by inflammatory cytokines and environmental stress, while the JNKs are critical regulators of transcription. Indeed, members of the p38 and SAPK/JNK families generally induce apoptosis, whereas ERK has been involved in cell survival. 17 In addition, the nuclear factor kappa-light-chain-enhancer of the activated B-cell (NFκB) family of transcription factors (TFs) are also key regulators of immune, inflammatory, and acute phase responses, and these TFs are also involved in the control of cell proliferation, apoptosis, and oncogenesis. 18 The work described here involves a study of the activation of MAPK and NFκB caused by four different moNps (CeO 2 , TiO 2 , Al 2 O 3 , and ZnO) in a human T-cell line. Two different concentrations of Nps were tested: 10 and 100 µg/mL for CeO 2 , TiO 2 , and Al 2 O 3 Nps and 5 and 50 µg/mL for ZnO Nps due to their high cell toxicity, 19 with an LD50 of 55 µg/mL in Jurkat. 20 Moreover, the influence of the Zn 2+ metal ion was studied by adding ZnCl 2 salt to the cells because ion release and the subsequent loss of ion homeostasis in the cells has been proposed as a relevant mechanism associated with the toxicity of ZnO Nps. 13, 21, 22 In addition to the release of ions, other Np-specific effects have also been reported, 23, 24 including the triggering of several genes that lead to changes in distinct physiological processes such as metabolism or mitosis. It is well known that the previous status of the cell can have a marked influence on the signaling routes to be activated. For example, the activation of T cells through the T-cell receptor leads to the phosphorylation of the ERK protein in naïve cells, while the p38 protein is more affected in cells that have been previously antigen-primed. 25 Moreover, activation of ERK induces the degradation of the signalosome, which impairs signaling, whereas p38 facilitates cell activation. 25 For this reason, a well-known lymphocyte activator (phytohemagglutinin [PHA]) was also used to stimulate the T-cell line before their incubation with the moNps. In order to follow the activation of different intracellular pathways, quantitative PCR (qPCR) was carried out to study the expression of several genes related with processes such as apoptosis, inflammation, cell cycle progression, and metabolism. 's seventh framework program) . The Np size was determined by high-resolution transmission electron microscopy, and all of the Nps were uncoated and free of surfactant. The transmission electron microscopy images and dynamic light scattering characterization have been described previously 26 and they are shown in Figure S1 . The Nps were resuspended in milli-Q water at 10 mg/mL and, after sonication, 10% fetal bovine serum was added to reduce the aggregation of the Nps. Finally, the Nps were diluted to the working concentration in cell culture medium. The concentrations tested were 10 and 100 µg/mL for all Nps except for the ZnO Nps, which were tested at 5 and 50 µg/mL due to toxicity issues, as explained in the "Introduction" section.
Materials and methods Nanoparticles

cells
The Jurkat cell line was purchased from the American Type Culture Collection, Middlesex, UK. The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and penicillin-streptomycin at 37°C in the presence of 5% CO 2 (Thermo Fisher Scientific, Waltham, MA, USA).
Incubation of the Nps with the cells, preparation of the cell extracts, and Western blots
Incubation of the Nps with Jurkat cells, preparation of the cell extracts, and Western blots were performed as described in a previous publication for a lung epithelial cell line. 20 The same protocol was also used for the Zn 2+ ions at 1, 10, and 100 µg/mL.
For cell activation, PHA (Sigma-Aldrich Co., St Louis, MO, USA) was added to the culture medium at 8 µg/mL and the cells were incubated overnight. The cells were then washed by centrifugation (266× g at 4°C for 5 minutes) in a Sorvall ST 16R centrifuge (Thermo Fisher Scientific) and suspended in RPMI prior to the addition of Nps.
qPcr studies of gene expression 
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Metal oxide Nps induce cellular responses assays (4418775, Signal Transduction Pathways) and the TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) run on a 7900HT Fast Real-Time PCR System (AB, Thermo Fisher Scientific). Jurkat cells were incubated with the Nps for 24 hours at 100 µg/mL, except for the ZnO Nps where the concentration was 20 times lower (5 µg/mL), and RNA was extracted and purified with the GeneJet extraction kit (Thermo Fisher Scientific). Genomic DNA was removed using DNase I (RNA-free) and complementary DNAs (cDNAs) were synthesized using a Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific). The amount of cDNA per plate and sample was calculated relative to glyceraldehyde 3-phosphate dehydrogenase using different dilutions of cDNA to check the optimal dilution and the qPCR data were analyzed using SDS 2.4 and RQ Manager 1.2.1 software (Thermo Fisher Scientific, Waltham, MA, USA). For each Np, two independent measurements were taken and the value of the relative quantification was averaged, with glyceraldehyde 3-phosphate dehydrogenase used as the internal control. Values with a high standard deviation or genes that were not amplified in one of the two experiments were not taken into account.
Results
Differential expression of p-erK, p-p38, and p-saPK/JNK in the Jurkat cell line and the effect of prestimulation with Pha
The expression of p-ERK (1,2), p-p38, and p-SAPK/JNK induced by the moNps was studied in nonactivated (−PHA) or activated (+PHA) Jurkat cells (Figures 1 and S2 ).
The TiO 2 Nps induced a strong phosphorylation of ERK-1, mostly after 3 hours in nonstimulated cells. However, CeO 2 and ZnO Nps induced higher levels of the phosphorylated protein in PHA-stimulated cells than in nonstimulated cells, although in all cases, the Nps induced protein activation. The Al 2 O 3 Nps produced small changes compared to the controls irrespective of whether or not the cells had been prestimulated with PHA.
Regarding p-p38, the strongest phosphorylation of this protein was induced by ZnO Nps (Figures 1 and S2 ). Nevertheless, the CeO 2 and TiO 2 Nps induced high levels of phosphorylation in PHA-stimulated cells, while activation of p38 protein was not observed in the cells exposed to Al 2 O 3 Nps.
Similarly, activation of p-SAPK/JNK was not detected after 1 hour in the presence of any of the Nps analyzed, although both phosphoproteins were detected after 3 hours in the presence of the ZnO Nps (Figures 1 and S2 ). Prestimulation with PHA did not have any significant effect on the phosphorylation of this protein.
The activation of the MAPKs was dose-dependent and at a tenfold lower concentration. p38 and SAPK/JNK were only activated when the cells were incubated with ZnO Nps ( Figure S3 ).
expression of the NFκB inhibitor, IκBα, in the Jurkat cell line
The effects of Nps on the IκBα protein, that is, the NFκB inhibitor, were characterized in the Jurkat cell line (Figures 1  and S2 ) and all of the moNps induced changes in this protein at 3 hours.
After 1 hour, the Al 2 O 3 Nps had increased the expression of this protein and this effect was even more marked at 3 hours; in contrast, the other Nps did not have any effect on unstimulated (−PHA) cells at short times, but a decrease in the expression of this IκBα protein was observed at 3 hours in both unstimulated and stimulated cells, which indicates activation of the NFκB nuclear factor under these conditions.
Exposure of the Jurkat cells to a tenfold lower concentration of Nps for 3 hours led to IκBα degradation only in the case of ZnO Nps ( Figure S3 ), both in unstimulated and prestimulated cells. A weak effect was also observed with the TiO 2 Nps.
The activation induced by PHA alone led to degradation of IκBα in the cells, but in combination with the Nps, this effect was even more marked.
effect of Zn 2+ ions on the activation pathway induced by ZnO Nps
It has been reported that ZnO Nps are highly soluble compared to other moNps, but there is discrepancy in the literature concerning the solubility of these Nps in physiological media. 22, 27, 28 In order to assess whether the effect induced by ZnO Nps on Jurkat cells was due to the Np itself or to the Zn 2+ ions released by the particles, the cells were exposed to ZnCl 2 salt at three different concentrations (1, 10, and 100 µg/mL Zn 2+ ) and the MAPK and NFκB activation was assessed in Western blots.
It can be seen from Figures 2 and S4 that phosphorylation of p38 was enhanced at concentrations of 10 and 100 µg/mL of Zn 2+ irrespective of the pretreatment of cell with PHA. The MAPK pathway was the most sensitive to this metal. Indeed, p-p38 could be detected 1 hour after exposure to 1 µg/mL of Zn 2+ . These results are similar to those obtained with ZnO Nps (5 µg/mL), which induced p-p38 under almost all of the conditions tested ( Figure S3 ). SAPK/JNK phosphorylation was detected after both 1 and 3 hours in the presence of Zn 2+ ions at 100 µg/mL and after 3 hours at 10 µg/mL (Figures 2 and S4) . Similarly, a low concentration of the Zn 2+ ions (1 µg/mL) did not induce (Figures 2 and S4 ). This result is consistent with those obtained for the ZnO Nps (50 µg/mL) under almost all of the conditions studied (Figures 1 and S2) .
As far as the NFκB pathway activation is concerned, the pattern was similar to that observed for p-SAPK/JNK (Figures 2 and S4 ). Degradation of IκBα was detected after 1 hour at the highest Zn 2+ concentration and after 3 hours at Notes: The cells were tested in the presence (+Pha) or absence (−Pha) of Pha to assess the effect of lymphocyte preactivation on the cell response to the Nps. gaPDh was used as a loading control and two different times were tested (1 and 3 hours). The protein was quantified and the difference in the protein levels is shown. The bars represent the average intensity normalized to the control sample and the error bars represent the standard deviation. *Statistically significant difference (P,0.05) in the level of protein compared with the control (sample without Nps). The horizontal lines represent the treated samples that are statistically different from the control sample for both proteins studied. all Nps were tested at 100 µg/ml, except for ZnO (50 µg/ml). Abbreviations: erK, extracellular signal-regulated kinase; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; h, hour; IκBα, nuclear factor kappa-light-chain-enhancer of the activated B-cell inhibitor; JNK, c-Jun amino-terminal kinase; Nps, nanoparticles; Pha, phytohemagglutinin; saPK, stress-activated protein kinase. 
Notes:
The influence of ion release on the toxicity induced by ZnO nanoparticles was studied by incubating Jurkat cells, prestimulated (+Pha) or not (−Pha) with Pha, with three different concentrations of Zncl 2 salt as the source of Zn 2+ ions (1, 10, and 100 µg/ml), and measuring the activation of erK (1,2), p38, saPK/JNK, and the NFκB pathways at 1 and 3 hours. *Statistically significant difference (P,0.05) in the level of protein compared with the control (untreated sample). The horizontal lines represent the treated samples that are statistically different from the control sample for both proteins studied. Abbreviations: erK, extracellular signal-regulated kinase; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; IκBα, NFκB inhibitor; JNK, c-Jun amino-terminal kinase; MaPK, mitogen-activated protein kinase; NFκB, nuclear factor kappa-light-chain-enhancer of the activated B-cell; Pha, phytohemagglutinin; saPK, stress-activated protein kinase. concentrations of both 10 and 100 µg/mL. The lowest concentration of Zn 2+ (1 µg/mL) was also able to induce IκBα degradation in prestimulated cells. It is important to note that PHA treatment induced some degradation of this protein, but the combination of PHA with the Nps or Zn 2+ ion further enhanced activation of the NFκB pathway.
expression of genes in signal transduction pathways in the Jurkat cell line
The changes in the expression of a group of selected genes that participate in different cell functions were analyzed. The genes studied are summarized in Table 1 and those genes that showed the highest relative changes, either upregulated or In cells exposed to the ZnO Nps, the expression of RBP1 and IL-2 was upregulated, as was that of the CYP19A1 gene involved in xenobiotic metabolism and redox reactions, while the expression of the FASN gene was downregulated. In the case of TiO 2 Nps, the CCND1 gene involved in regulating the G1/S cell cycle transition was upregulated, as were the NAIP (an inhibitor of apoptosis) and MDM2 genes, while both the IL-2 and IL-8 cytokine genes and the CCL2 chemokine gene were downregulated.
Discussion
Two of the main activation pathways (MAPK and NFκB) were studied to test the possible cellular response induced by four different moNps (CeO 2 , TiO 2 , Al 2 O 3 , and ZnO) in Jurkat cells (derived from human T lymphocytes).
ZnO Nps at 50 µg/mL activated the three MAPKs. p38 and SAPK/JNK were also activated in the presence of 5 µg/mL ZnO Nps, probably due to the enhanced susceptibility of the lymphoid cells to these Nps. Indeed, ZnO Nps were the only ones tested that activated SAPK/JNK, which is mainly involved in apoptosis, 29 and this finding is consistent with the cytotoxic effects previously observed for these Nps in several cell lines, 19 including Jurkat cells. 
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Metal oxide Nps induce cellular responses CeO 2 and TiO 2 Nps (100 µg/mL) activated ERK (1,2) and p38, while Al 2 O 3 Nps only induced ERK (1,2) activation after 3 hours of exposure at the same concentration. This activation was dose-dependent as it was not produced by any of these Nps at low concentration (10 µg/mL). Prestimulation of Jurkat cells with PHA modified the extent, but not the pattern of MAPK activation. Only ERK was activated by prestimulation with PHA, although this activation was weaker than that observed following exposure to the Nps. The combination of both treatments induced stronger phosphorylation, although there were some differences in terms of the time and/or protein level.
The toxicity induced by the ZnO Nps in vitro could be mostly due to ion release, as suggested elsewhere. 13, 21, 22 MAPK activation induced by Zn 2+ ions in Jurkat cells involved the same pattern of p38 and SAPK/JNK phosphorylation at concentrations of 10 and 100 µg/mL, but not at 1 µg/mL. In fact, the highest concentration of Zn 2+ salt induced earlier activation of SAPK/JNK than that observed with the ZnO Nps. As expected, the effects observed with the ZnO Nps or the Zn 2+ salt were dose-dependent and phosphorylation of ERK was only detected at the highest concentration of Zn 2+ ions under all the conditions tested, while an effect of ZnO Nps on ERK phosphorylation was detected even at 50 µg/mL.
The release of Zn 2+ ions clearly plays an important role in the apoptosis and the cell pathways activated by ZnO Nps. Indeed, a similar pattern of MAPK was activated by ZnO Nps and Zn 2+ ions, although Np-specific effects may influence other pathways of activation or cell toxicity, as proposed previously. 23, 24 Moreover, the toxicity found in vitro is higher than the toxicity found in vivo due to the capacity of the tissues and organs to bind the free ions by forming Zn-S bonds. 30 It should be noted, however, that these altered sulfur-containing molecules could be a different source of toxicity.
Degradation of the IκBα inhibitor was studied as a marker of NFκB activation. All of the moNps activated NFκB, a pathway that is mainly related with inflammation and the immune response. Moreover, preincubation with PHA, an activator of this pathway, 31 induced greater degradation of the protein when the cells were exposed to any of the moNps, except for the Al 2 O 3 Nps, which induced an increase in the expression in unstimulated cells.
The strongest degradation was induced by the combination of PHA and ZnO at both concentrations studied, and for all the moNps, the effect was dose-dependent. Once again, the Zn 2+ ions could activate this pathway even at the lowest concentration tested (1 µg/mL) in prestimulated Jurkat cells. Lymphocytes were more susceptible than lung cells 20 to the activation of these pathways, which clearly indicates that the type of cell is crucial regarding its behavior in response to Nps, a finding that is consistent with previous studies concerning differences in cell toxicity induced by NMs. 29 In an effort to characterize other cellular events that might also be induced by the Nps, qPCR studies were carried out on Jurkat cells. The only change common to all of the moNps was the upregulation of CDKN1A, a kinase inhibitor involved in the cell cycle. Cell cycle regulation induced by ZnO Nps has already been described in Jurkat cells through transcriptomic and bioinformatics approaches. 13 By contrast, in the same work, it was reported that TiO 2 Nps do not produce such effects, possibly due to the tenfold lower Np concentration used when compared to that employed here and to the different Nps used. Interestingly, the activation of kinases and the upregulation of some cytokines by ZnO Nps in Jurkat cells are in agreement with our MAPK and qPCR measurements. 13 It is known that there are DNA binding sites for the inducible TFs, AP-1, NF-IL-6, and NFκB, in the IL-8 promoter sequence. 32 Hence, the upregulation of IL-8 by Al 2 O 3 and ZnO Nps could be due to activation of the NFκB pathway. Interestingly, the release of interleukin (IL)-8 induced by ZnO and Al 2 O 3 Nps has been detected previously in human peripheral blood leukocytes. 20 Moreover, it has been shown that ZnO Nps induce the release of other inflammatory cytokines such as IL-6, IL-1β, and tumor necrosis factor-α, 20 and this could also be related to the activation of NFκB and SAPK/JNK.
The increase in FASN gene expression detected by qPCR, as well as the effects of Al 2 O 3 Nps on the p-ERK protein, could be related to a potential carcinogenic effect, as described for estrogens in cancer cells. 33 Estrogens also upregulate the FASN gene by ERK activation and a similar effect has been observed in activated Jurkat cells. 34, 35 Activated T cells undergo some metabolic changes common to tumor cells and this may represent a general metabolic reprogramming during cell growth and proliferation. 35, 36 Moreover, upregulation of the IL-2 and BCL2A1 genes is also associated with lymphocyte activation. anti-inflammatory cytokines. Interestingly, in a previous study in which human peripheral blood lymphocytes were used, both Nps were shown to increase the proliferation of the cells induced by PHA. 39 Alternatively, the change in FASN and RBP1 gene expression induced by the ZnO Nps (related to lipid metabolism and cholesterol homeostasis) could be related to the induction of apoptosis due to genomic instability and genotoxic stress, as observed in the model for premature aging in mice. 40 Moreover, the CYP19A1 gene involved in xenobiotic metabolism is upregulated in the presence of ZnO Nps. Indeed, ZnO Nps and Zn 2+ ions have a negative effect on macrophage metabolism 12 and they have also been shown to increase the amounts of some enzymes involved in glycolysis and in the pentose phosphate pathway, for example, 6-phosphogluconate dehydrogenase or aldose reductase.
Another consistent finding is the potential DNA damage induced by cellular stress, which is evident here through the induction of CDKN1A, GADD45A, and M2MD.
All four moNps tested influence the cell cycle through increased CDKN1A gene expression. The interference with the cell cycle and with the genes involved in metabolism, both interconnected events, 41 seems to represent a common cell response to Np exposure, irrespective of their size and composition. This could be related to the internalization process described for some nanostructures 42 or with the DNA repair process. 43 In summary, we describe several molecular mechanisms induced by selected moNps in a human lymphocyte cell line. Although some Nps could show a safe profile in the standard toxicity tests, for example, TiO 2 or Al 2 O 3 Nps, we have shown here that they can activate the immune system and induce lymphocyte proliferation by the release of some anti-inflammatory cytokines and the expression of antiapoptotic genes. In contrast, CeO 2 Nps showed a safe profile with only minor activation of some signaling proteins, no relevant changes in gene expression, and a safe cytokine profile, while ZnO Nps induced xenobiotic stress, release of inflammatory cytokines, and apoptosis. Nevertheless, these observations were made in the experiments carried out in vitro and they should be confirmed in vivo, because the observed pattern of lymphocyte activation could be modified or abolished by other biological mechanisms. Abbreviations: Dls, dynamic light scattering; Nps, nanoparticles; PBs, phosphate-buffered saline; PdI, polydispersity index; TeM, transmission electron microscopy.
Supplementary materials
Nanoparticles were analyzed by transmission electron microscopy and DLS in different media ( Figure S1 ).
The Western blot images quantified in Figure 1 2) , p-p38, p-saPK/JNK, and IκBα in Jurkat cells, either untreated (control cells, c) or treated with 100 µg/ml ceO 2 , TiO 2 , al 2 O 3 , and 50 µg/ml ZnO Nps. Note: cells were prestimulated (+Pha) or not (−Pha) with Pha. Abbreviations: erK, extracellular signal-regulated kinase; h, hour; IκBα, nuclear factor kappa-light-chain-enhancer of the activated B-cell inhibitor; JNK, c-Jun aminoterminal kinase; Nps, nanoparticles; Pha, phytohemagglutinin; saPK, stress-activated protein kinase.
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